Introduction
============

The auxin response factor (ARF) and auxin/indole acetic acid (Aux/IAA) protein families are required for transcriptional regulation of auxin response genes, and play a central role in auxin signalling and plant development ([@bib9], [@bib7], [@bib8]). A typical ARF contains a conserved N-terminal DNA-binding domain (DBD), a non-conserved middle region (MR), and a conserved C-terminal dimerization domain (CTD) ([@bib9], [@bib7], [@bib8]). The DBD of an ARF binds specifically to TGTCTC auxin response elements (AuxREs) in promoters, to regulate expression of auxin response genes ([@bib32]*a*, *b*). The CTD of ARF, which resembles domains III and IV of Aux/IAA proteins, is involved in homo- and heterointeraction ([@bib32]*a*). The MR, located between the DBD and CTD, determines whether the ARF functions as a transcriptional activator or repressor ([@bib33]; [@bib28]). The Aux/IAA family proteins lack DBDs, and constitute one class of three early auxin response genes. The other two families are Gretchen Hagen3 and small auxin up RNA ([@bib2]; [@bib10]). Aux/IAA genes encode short-lived nuclear proteins that generally contain four highly conserved domains, referred to as domains I, II, III, and IV ([@bib1]; [@bib10]; [@bib17]). Domain I acts as a strong transcriptional repression domain (RD) and interacts with TOPLESS (TPL), which co-represses transcription of auxin response genes ([@bib29]; [@bib25]); domain II is responsible for rapid degradation of Aux/IAA proteins ([@bib42]; [@bib21]); and domains III and IV mediate homo- and heterodimerization between Aux/IAA proteins and ARFs ([@bib15]; [@bib32]*a*, *b*).

Extensive research suggests that auxin response specificity is regulated by interactions between ARF and Aux/IAA proteins. Yeast two-hybrid (YTH) assays and other physical assays have provided information on a number of ARF--Aux/IAA interactions and, in some cases, the interactions have been genetically documented. In *Arabidopsis*, ARF1 and MONOPTEROS (MP)/ARF5 have been shown to heterodimerize with AUXIN RESISTANT 3 (AXR3)/IAA17 in YTH assays ([@bib21]). MP/ARF5 and NONPHOTOTROPIC (NPH4)/ARF7 interact with BODENLOS (BDL)/IAA12 in YTH and plant protoplast assays, and MP/ARF5 interacts genetically with BDL/IAA12 (Hamann *et al.*, 2002; [@bib12]; [@bib40]). [@bib26] showed that the CTDs of MP/ARF5, NPH4/ARF7, and ARF8 heterodimerize with IAA1, IAA6, IAA13, and MASSUGU2 (MSG2)/IAA19 by YTH assays, and that NPH4/ARF7 also interacts with MSG2/IAA19 in *in vitro* pull-down assays. Fluorescence cross-correlation spectroscopy further demonstrated the interaction between ARF5/ARF7 and MSG2/IAA19 in HeLa cells ([@bib19]). In another study, SOLITARY-ROOT (SLR4)/IAA14 interacted equally well with MP/ARF5, NPH4/ARF7, and ARF19 in YTH assays ([@bib4]). CRANE/IAA18 also interacts with NPH4/ARF7 and ARF19 in YTH systems ([@bib31]). [@bib28] showed that MP/ARF5 interacts with IAA17 in plant protoplast assays, but ARF1 failed to interact with IAA17. Taken together, these results imply that in *Arabidopsis*, the ARF activators MP/ARF5, NPH4/ARF7, ARF8, and ARF19 can interact with a variety of Aux/IAAs by YTH assays, and other physical interaction assays. On the other hand, few interactions have been reported between ARF repressors and Aux/IAAs ([@bib24]), and whether ARF1 repressor interacts with AXR3/IAA17 is unclear from previous reports ([@bib21]; [@bib30]), making it important to investigate ARF--Aux/IAA interactions further.

To date, no systematic or extensive investigations of potential interactions between ARF and Aux/IAA proteins have been reported in *Arabidopsis* or other plants. The potential for interaction between ARF and Aux/IAA proteins is high, because both ARF and Aux/IAA are encoded by multigene families in plants. For example, the *Arabidopsis* genome encodes 23 ARFs and 29 Aux/IAA proteins ([@bib17]; [@bib8]), and the rice genome encodes 25 ARFs and 31 Aux/IAA proteins ([@bib14]; [@bib37]; [@bib23]). To elucidate the function of the structural domains in OsARF and the relationship between OsARFs and OsIAAs, the structure of *OsARF* genes was analysed and classified in detail by bioinformatics, and the function of each domain experimentally confirmed. The position of the OsARF nuclear localization signal (NLS) was determined, and the interactions between 14 OsARFs and 15 OsIAA proteins were tested using YTH assays. The interactions between several OsARF--OsIAA pairs were further tested with a firefly luciferase complementation imaging (LCI) assay in tobacco.

Materials and methods
=====================

Sequence analysis and prediction of amino acid contents
-------------------------------------------------------

Loci numbers of *OsARF* genes were obtained from <http://plntfdb.bio.uni-potsdam.de/v2.0> (*Oryza sativa* subsp. *japonica* ARF family). Accession numbers of full-length OsIAA and OsARF sequences were from [@bib14] and [@bib37]. The sequences of the *OsARF* and *OsIAA* genes were obtained from the knowledge-based *Oryza* molecular biological encyclopedia (KOME, <http://www.cdna01.dna.affrc.go.jp/cDNA>). The coding sequences of OsARFs were derived by prediction using The Institute for Genomic Research (TIGR: <http://www.tigr.org>). The software MEGA 4.0 was used for calculation of amino acid contents of the MR domain in OsARFs.

Plant materials and growth conditions
-------------------------------------

*Nicotiana benthamiana* plants were grown in vermiculite containing Murashige and Skoog salt nutritional liquid in a greenhouse (12 h/light, 25 °C; 12 h/dark, 18 °C). Six-week-old *N. benthamiana* plants were used for *Agrobacterium*-mediated transient expression.

Constructs for 35S:OsARF--sGFP fusion proteins
----------------------------------------------

Candidate NLSs from OsARF proteins were predicted by the program ScanProsite ([@bib5]) using classical NLS motifs: K(K/R)X(K/R) for monopartite NLSs and (K/R)(K/R)X10-12(K/R)3/5 for bipartite NLSs, where X indicates any amino acid. Full-length cDNA clones of *OsARF* were provided by the Rice Genome Resource Center (RGRC) in Japan. The open reading frame (ORF) of the *OsARF19* gene, and elements I--VI of the *OsARF18*, *19*, *22*, and *25* genes ([Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) available at *JXB* online) were directly amplified from the cDNAs using the primers in [Supplementary Table S3](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1), and digested with *Bam*HI/*Sal*I, *Kpn*I/*Sal*I, *Xba*I/*Sal*I, and *Sac*I/*Bam*HI, respectively. Individual gene fragments were cloned in-frame into the binary vector pCAMBIA1300 containing a 35S:sGFP (green fluorescent protein) cassette to create an OsARF--sGFP fusion protein. All 35S:OsARF--sGFP fusion constructs were transiently expressed in onion epidermal cells using the Bio-Rad biolistic PDS-1000/He system under 1100 psi (<http://www.bio-rad.com/>), carried out as described previously ([@bib36]). Fluorescence was imaged using a Carl Zeiss laser scanning system LSM510 (<http://www.zeiss.com/>).

YTH assays of OsARF--OsIAA pairs
--------------------------------

YTH analysis was performed according to the instructions for the Matchmaker GAL4 Two-Hybrid System 3 (Clontech). The full-length cDNA clones of *OsIAA* and *OsARF* family members were provided by the RGRC. ORFs of *OsIAA* genes were cloned into pGBKT7, and transformed into yeast Y187. ORFs, CTDs, and MR+CTDs of OsARF were cloned into pGADT7 and transformed into yeast AH109. Yeast Y187 containing pGBKT7+ORFs of individual *OsIAA* genes were mated with AH109 containing pGADT7+ORFs, CTDs, or MR+CTDs of individual ARFs, according to the manufacturer\'s protocol. Plates containing the chromogenic substrate X-α-Gal (5-bromo-4-chloro-3-indolyl-α-[D]{.smallcaps}-galactopyranoside) were used to detect protein interactions. Mated strains were spread on low-stringency SD--Leu/--Trp and high-stringency SD--Ade/--His/--Leu/--Trp/X-α-Gal. Strains from high-stringency plates were saved and re-cultured for α-galactosidase assays. The software Cluster 3.0 and Java tree view 1.1 were used to construct α-galactosidase activity graphs. The positions of MR domains in OsARFs are given in [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) and [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) at *JXB* online. Primers are listed in [Supplementary Tables S4](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1)--[S7](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1). Interaction of pGBKT7-53 and pGADT7-T was used as a positive control, and non-interaction of pGBKT7-Lam and pGADT7-T was used as a negative control. *p*-Nitrophenyl-[D]{.smallcaps}-galactopyranoside (Sigma) solution was used as substrate for α-galactosidase quantitative assays ([Supplementary Table S8](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1)). Absorbance was measured using a Shimadzu spectrophotometer (UV-2550).

Western blot analysis
---------------------

Total proteins were extracted from yeast (strain AH109), which carried various OsARFs cloned into the pGADT7 expression vector \[fused to amino acids 768--881 of the GAL4 activation domain (AD)\], as described by the Yeast Protocols Handbook (Clontech, PT3024-1). A 30 μg aliquot of proteins was resolved by SDS--PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane that was used for subsequent western blot analysis according to standard procedures. Goat anti-haemagglutinin (HA) polyclonal antibodies conjugated to horseradish peroxidase (HRP; GenScript corporation, A00169) were used for the detection of OsARF fusion proteins containing the HA epitope tag (western blot detection kit, KGP1122, KeyGEN).

*Agrobacterium*-mediated transient expression in *N. benthamiana* leaves for LCI assays
---------------------------------------------------------------------------------------

The full-length cDNAs of OsARF 1 and OsARF16 were ligated into pCAMBIA1300-NLuc (2--416aa), and OsIAA1, 8, 12, and 13 were ligated into pCAMBIA1300-NLuc (2--416aa) or CLuc (398--550aa) (Chen, 2008). Constructs were transformed into *Agrobacterium tumefaciens* strain GV3101 for infiltrating *N. benthamiana* leaves. OsARFs and OsIAAs, amplified with the primers given in [Supplementary Table S9](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) at *JXB* online, were cloned into NLuc or CLuc using *Kpn*I/*Sal*I, to generate fusion constructs. After 3 d, *Agrobacterium*-infiltrated areas on leaves were injected with 1 mM [D]{.smallcaps}-luciferin potassium salt for detecting luminescence. Fluorescence images were collected using a NightOWL LB 981 CCD camera (Berthold).

Results
=======

Most OsARF proteins contain a DBD, MR, and CTD
----------------------------------------------

Domain positions in 25 OsARF proteins are shown in [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) at *JXB* online. Amino acid contents of the MRs and classification of the OsARFs are given in [Fig. 1A](#fig1){ref-type="fig"} and [B](#fig1){ref-type="fig"}. All OsARFs contain a conserved, plant-specific B3-type DBD (except OsARF20 which contains two DBDs), which require additional N-terminal and C-terminal amino acids for efficient binding to TGTCTC AuxREs *in vitro* ([@bib33]; [@bib37]; Guilfoyle and Hagen, 2007). The 25 OsARF proteins can be divided into three groups based on the MR amino acid sequence and the presence or absence of CTDs. The OsARF family includes nine putative transcriptional activators, OsARF5, 6, 11, 12, 16, 17, 19, 21, and 25, all with an MR enriched in glutamine (Q), serine (S), and leucine (L). This type of MR has been shown to function as an AD in *Arabidopsis* ARFs ([@bib33]; [@bib28]). The other OsARFs are putative transcriptional repressors, because they contain MRs enriched in S, L, proline (P), and glycine (G), similar to RDs found in *Arabidopsis* ARF repressors ([@bib33]; [@bib28]). ARF2, 3, 13, 14, 15, and 20 do not contain a CTD, while the other 19 OsARFs do.

![Analysis of amino acid contents and classification of OsARFs. (A) Amino acid contents of MR domains in putative OsARF proteins. The horizontal axis indicates OsARF, and the vertical axis indicates the corresponding amino acid contents. Coloured bars show the different amino acids. The positions of MR domains in OsARFs are shown in [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) and [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) at *JXB* online. (B) The modular structure of the OsARF family. DBD, DNA-binding domain; CTD, C-terminal dimerization domain; MR, middle region; RD, repression domain; AD, activation domain; Q, glutamine; S, serine; L, leucine; P, proline; G, glycine. (This figure is available in colour at *JXB* online.)](jexboterq208f01_3c){#fig1}

A monopartite NLS in the DBD is responsible for nuclear localization of OsARFs
------------------------------------------------------------------------------

In OsARFs, the first NLS with a bipartite NLS structure is predicted to be in the middle of DBD, and the second, which resembles the monopartite NLS of simian virus 40, is predicted to be at the end of the DBD ([Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) at *JXB* online). The fluorescence of the 35S:OsARF19--sGFP fusion protein was observed only in the nucleus of onion epidermal cells, while the control 35S:sGFP fluorescence was observed throughout the entire cell ([Fig. 2A, B](#fig2){ref-type="fig"}, positive and negative control). Proteins fused to a bipartite NLS containing element II were detected throughout transformed cells, not only in the nucleus ([Fig. 2A](#fig2){ref-type="fig"}, aII--dII). Elements I, III, V, or VI fused to OsARF--sGFP caused expression throughout the entire cell, similar to 35S:sGFP ([Fig. 2A](#fig2){ref-type="fig"}, aI--dI and aIII--dIII; 2B, aV--dV and aVI--dVI). The fluorescence of sGFP fused to a monopartite NLS containing element IV accumulated exclusively in the nucleus ([Fig. 2B](#fig2){ref-type="fig"}, aIV--dIV). These data indicate that a monopartite NLS in the DBD had the capacity to direct nuclear localization of OsARF.

![Analysis of the nuclear localization signal (NLS) in OsARFs. (A) Confirmation of the putative bipartite NLS of OsARF18, 19, 22, and 25. The line drawing on the left shows the probable sites of individual truncated elements in OsARF (details are given in [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) at *JXB* online). Negative, 35S:GFP for negative control; positive, 35S:OsARF19--GFP for positive control; a--d represent the genes OsARF18/19/22/25, and I--III represent truncated elements of OsARFs. (B) Confirmation of the putative monopartite NLS of OsARF18, 19, 22. and 25. Negative and positive as A; a--d represent genes OsARF18/19/22/25, and IV--VI represent truncated elements of OsARFs. (This figure is available in colour at *JXB* online.)](jexboterq208f02_3c){#fig2}

Putative OsARF activators, but not repressors, interact with OsIAA proteins in YTH assay
----------------------------------------------------------------------------------------

Each subfamily of OsARFs and IAA proteins was represented by 14 OsARFs and 15 IAA proteins. In previous reports, the CTD of most AtARFs (Hamann *et al.*, 2002; [@bib12]; [@bib26]; [@bib4]; [@bib40]; [@bib31]) and the full length of some AtARFs ([@bib21]) were used to test interactions with Aux/IAA proteins by YTH assay. Here, the full-length cDNAs of the OsARFs were tested for interaction with OsIAA proteins in a YTH system. As shown in [Fig. 3A](#fig3){ref-type="fig"}, the full-length cDNAs of putative OsARF6, 11, 12, 16, 17, 19, 21, and 25 activators interacted with the 15 OsIAA proteins, but interaction intensities varied (see α-galactosidase activity in [Supplementary Table S8](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) at *JXB* online). The α-galactosidase activity for interaction between OsARF16/OsARF25 and the 15 OsIAA proteins was generally higher than activity for interactions between OsARF6 and the 15 OsIAA proteins. When yeast strain AH109 containing the putative OsARF11 activator with a truncated CTD (lacking 35 amino acids), or full-length cDNAs for putative OsARF1, 4, 7, 10, 22, and 23 repressors was pairwise mated with yeast Y187 containing the 15 OsIAA proteins, the mated yeast grew only on low-stringency plates, and not on high-stringency plates ([Figs 3B](#fig3){ref-type="fig"}, [4A](#fig4){ref-type="fig"}). Furthermore, different results were observed for full-length OsARF11 and OsARF11 containing a truncated CTD ([Fig. 3A](#fig3){ref-type="fig"}, [B](#fig3){ref-type="fig"}). In contrast to the full-length protein, the truncated protein does not show interactions with these OsIAAs in yeast. To determine if the putative OsARF repressors and truncated OsARF11 activator were expressed at similar levels in the yeast strain AH109, western blotting was performed to detect these fusion proteins from pGADT7-OsARFs. OsARF1, 4, 7, 10, 22, 23, and the truncated OsARF11 were detected by western blotting ([Fig. 3C](#fig3){ref-type="fig"}). These results indicated that the full-length cDNAs of putative OsARF repressors did not interact with the 15 OsIAA proteins by YTH assay and the intact CTD is required for OsARF interaction with OsIAA proteins.

![OsARF--OsIAA protein interactions by YTH assays. (A) Eight full-length OsARF activators interact with 15 OsIAA proteins. α-Galactosidase activity assays were used to evaluate the intensity of interactions between OsARF and OsIAA proteins. The intensity of the blue colour in the panels indicates the relative α-galactosidase activity (quantitative data are given in [Supplementary Table S8](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) at *JXB* online). The colour standard is on the right. Positive, interaction of pGBKT7-53 with pGADT7-T as the positive control (activity value: 22). Negative, interaction of pGBKT7-Lam with pGADT7-T as the negative control (activity value: 0). (B) Full-length OsARF repressors fail to interact with any of the 15 OsIAA proteins. OsARF11\* shows truncated OsARF11, which lacks 35 amino acids in its C-terminus. Yeast colonies were grown on SDII, synthetic dropout (SD)--Leu/--Trp; or SDIV, SD--Ade/--His/--Leu/--Trp/ X-α-Gal plates. Positive and negative controls are the same as in A. (C) Western blotting analysis of six full-length OsARF repressors and the OsARF11 activator with a truncated C-terminal region. Lane 1, positive control, mutiple tag cell lysate (52KD, Genscript); lanes 2--8, lysates from the yeast strain AH109 containing full-length OsARF1, 4, 7, 10, 22, 23, and OsARF11 lacking 35 C-terminal amino acids with Gal4-AD fusion proteins, respectively. Numbers at the right denote the protein ladder of molecular weights of the standards (GeneDireX Inc, PM-22) in kilodaltons. (This figure is available in colour at *JXB* online.)](jexboterq208f03_3c){#fig3}

![Interactions between CTDs or MR+CTDs of OsARFs and OsIAA proteins in YTH assays. (A) Positions of the MRs or CTDs of OsARFs for interaction studies. White, MRs; black, CTDs. Bold numbers are the last amino acid residue of the MR. Numbers on the left indicate the start positions of MRs, and numbers on the right indicate the CTD end based on the entire OsARF. The 955 in the grey box indicates the C-terminus for the entire OsARF11, and 920\* shows the end of truncated OsARF11. (B--H) Interactions between CTDs or MR+CTDs of putative OsARF activators and the 15 OsIAA proteins. The left of each panel indicates α-galactosidase activity and the right of each panel shows yeast colonies grown on SDIV plates (SDII plates are not shown). Grey bars show the α-galactosidase activity of OsARF CTD--OsIAA protein interactions; black bars show α-galactosidase activity of OsARF MR+CTD--OsIAA protein interactions. (I) CTDs and MR+CTDs of an OsARF11 activator with a CTD truncation, and CTDs and MR+CTDs of OsARF7 and 22 repressors fail to interact with any of the 15 OsIAA proteins. Yeast colonies were grown on SDII, synthetic dropout (SD)--Leu/--Trp; or SDIV, SD--Ade/--His/--Leu/--Trp/X-α-Gal plates. Positive and negative controls are the same as in [Fig. 3A](#fig3){ref-type="fig"}. (This figure is available in colour at *JXB* online.)](jexboterq208f04_3c){#fig4}

Interactions between the CTD, MR+CTD, and full-length OsARFs, and OsIAA proteins were similar
---------------------------------------------------------------------------------------------

To determine if the ARF MR has an effect on ARF--Aux/IAA binding, interactions between the CTD or MR+CTD of nine OsARFs and the 15 OsIAA proteins were tested using YTH assays. The positions of the MR or CTD of nine OsARF proteins used in the assays are shown in [Fig. 4A](#fig4){ref-type="fig"}, and [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) at *JXB* online. The results indicated that the CTD or the MR+CTD of putative OsARF6, 11, 12, 16, 17, 19, and 25 activators interacted with the 15 OsIAA proteins ([Fig. 4B--H](#fig4){ref-type="fig"}). The α-galactosidase activities for interactions between most of the OsARF MR+CTDs and the OsIAA proteins were lower than for interactions between constructs with only the CTDs of OsARFs and OsIAA ([Fig. 4B--H](#fig4){ref-type="fig"}). The MR of OsARFs seemed, in general, to reduce the intensity of interactions. The CTD or MR+CTD from putative OsARF7 repressors or OsARF22 failed to interact with any of the 15 OsIAA proteins ([Fig. 4I](#fig4){ref-type="fig"}). In addition, the truncated CTD or MR+truncated CTD of the putative OsARF11 activator failed to interact with any of the 15 OsIAA proteins ([Fig. 4I](#fig4){ref-type="fig"}).

Interactions between OsARFs and OsIAA proteins in tobacco are partially consistent with results in yeast
--------------------------------------------------------------------------------------------------------

The firefly LCI assay is a simple, highly sensitive tool for testing interacting proteins in plants, using transient or stable transgenic expression ([@bib3]). To understand the OsARF--OsIAAs interactions in plants, several combinations of OsARF1/16 and OsIAA1/8/12/13 were verified by LCI. Homodimers of OsIAA 1 or OsIAA12, and the positive control SGT1a-NLuc/CLuc-RAR1 resulted in strong luciferase complementation ([Fig. 5B--D](#fig5){ref-type="fig"}). The heterodimers of OsARF1 and OsIAA1/8/12/13, like the negative control, showed no visible fluorescence in tobacco leaves ([Fig. 5A, E--H](#fig5){ref-type="fig"}). A heterodimer of OsARF16 and OsIAA8 showed intense fluorescence, while OsARF16 and OsIAA1/OsIAA12/OsIAA13 did not ([Fig. 5I--L](#fig5){ref-type="fig"}). These results suggested that the interaction between OsARF and OsIAA proteins in plants may be more specific and finely controlled than in yeast.

![Firefly luciferase complementation imaging assay of OsARF--OsIAA protein interactions in *N. benthamiana* leaves. Leaves were co-infiltrated with *Agrobacterium* containing the following vector pairs: (A) negative control, OsARF16-NLuc/CLuc; (B) positive control, SGT1a-NLuc/CLuc-RAR1; (C) OsIAA1-NLuc/OsIAA1-CLuc; (D) OsIAA12-NLuc/OsIAA12-CLuc; (E) OsARF1- NLuc/OsIAA1-CLuc; (F) OsARF1-NLuc/OsIAA8-CLuc; (G) OsARF1-NLuc/ OsIAA12-CLuc; (H) OsARF1-NLuc/OsIAA13-CLuc; (I) OsARF16-NLuc/OsIAA1- CLuc; (J) OsARF16-NLuc/OsIAA8-CLuc; (K) OsARF16-NLuc/OsIAA12-CLuc; (L) OsARF16-NLuc/OsIAA13-CLuc. Pseudocolour bar, right, shows the range of luminescence intensity from weak to strong. Images were collected 3 d after infiltration. The results were tested independently in triplicate. (This figure is available in colour at *JXB* online.)](jexboterq208f05_3c){#fig5}

Discussion
==========

ARF transcription factors are categorized as transcriptional activators or repressors based upon the amino acid composition of the MR that is found between the DBD and the CTD in most ARF proteins. The ARF MR can function as an AD or an RD when fused to a heterologous DBD, and targeted to non-auxin response gene promoters ([@bib28]). However, whether the Q, S, and L residues in *Arabidopsis* ARF activators or the S, L, P, and G residues in *Arabidopsis* ARF repressors are important for conferring activation and repression is unknown. Rice OsARF5, 6, 11, 12, 16, 17, 19, 21, and 25 (class IIa ARFs), which contain a high abundance of Q, S, and L in their MRs, resemble the *Arabidopsis* ARF activators ARF5, 6, 7, 8, and 19 ([Fig. 1B](#fig1){ref-type="fig"}). Thus, the class IIa OsARF subfamily might function as transcriptional activators for auxin response genes, while the other OsARFs containing MRs rich in S, L, P, and G might function as transcriptional repressors, analogous to the corresponding *Arabidopsis* ARFs.

Developmental phenotypes and alterations in gene expression have been examined in a number of loss-of-function *arf* mutants in *Arabidopsis* ([@bib8]). While most *Arabidopsis arf* mutants do not show dramatic phenotypes or changes in auxin-responsive gene expression, loss-of-function *arf5* and *arf7* mutants display strong down-regulation of a number of auxin response genes ([@bib13]; [@bib18]; [@bib20]; [@bib38]; [@bib41]). Based on global gene expression profiling with *Arabidopsis arf7 arf19* double mutants, most auxin response genes seemed to be activated by ARF7, but a small number of genes appeared to be repressed, suggesting that ARF7 may function as both an activator and a repressor ([@bib20]). However, the microarray analysis could not distinguish if the genes were direct or indirect targets of ARFs ([@bib8]). More in-depth experiments will be required to determine if the biased amino acid sequences in ARF MRs are responsible for activation or repression function, and whether ADs and RDs can function in a single ARF.

The NLS of the ARF protein in *Arabidopsis* was predicted to be PQRNKRPR ([@bib32]), but had not yet been experimentally confirmed. By bioinformatic prediction, the ARF proteins in rice have two NLSs, a non-canonical bipartite NLS close to the middle of the DBD, and a monopartite NLS in the end of the DBD. Although no classical bipartite NLS was found in OsARF proteins, the C-terminal region of the B3 domain contains basic amino acids, and is considered to be a putative bipartite NLS, because recently a non-canonical bipartite NLS, with a spacer sequence of \>20 amino acids, was identified in humans (Romanelli *et al.*, 2002) and viruses (Gomez Corredor *et al.*, 2009). Hence, the predicted non-canonical bipartite NLS was also studied to determine if it can direct the gene product into the nucleus. However, the studies confirmed that a monopartite NLS was efficient to direct OsARF18/19/22/25--GFP fusion proteins into the nucleus, but a bipartite NLS was not ([Fig. 2A](#fig2){ref-type="fig"}, B). Even though the results were unlike the AUX/IAA gene family, which has a bipartite NLS, they were consistent with previous predictions in AtARF ([@bib32]; [@bib27]). The data demonstrated that the DBD contributed the function of nuclear localization for the OsARF proteins.

Studies with *Arabidopsis* have shown that the CTD of Aux/IAA proteins and ARFs represents a dimerization domains that facilitates interactions between ARF and Aux/IAA proteins ([@bib15]; [@bib32]; [@bib8]). To date, however, only a small number of *Arabidopsis* ARFs and Aux/IAA proteins have been tested for their ability to interact with each other. The limited information suggests, however, that *Arabidopsis* ARF activators interact strongly with other ARF activators and Aux/IAA repressors, but interact poorly with ARF repressors ([@bib8]). In contrast, *Arabidopsis* ARF repressors appear to interact strongly with other ARF repressors, but weakly with ARF activators and Aux/IAA repressors. To assess interactions between ARF and Aux/IAA proteins more thoroughly, quantitative YTH assays were used to test the interactions between OsARF and OsIAA proteins, including seven full-length OsARF activators, one OsARF activator with a CTD truncation, seven full-length OsARF repressors, and 15 OsIAA proteins. Quantitative interaction studies with full-length OsARFs indicated that all full-length tested OsARF activators interacted with all tested OsIAA proteins, while an OsARF activator lacking an intact CTD failed to interact with any of the OsIAA proteins. In marked contrast, none of the OsARF repressors displayed detectable interactions with the panel of OsIAA proteins. These results confirmed the suggestions in *Arabidosis* above.

A further assessment was made of whether removal of the OsARF DBD or MR affected the capacity of OsARFs to interact with OsIAA proteins. In general, ARFs with truncated DBDs and MRs behaved like the full-length ARFs in their capacity to interact with OsIAA proteins. Direct comparison of interactions between the CTD and MR+CTD suggested, however, that the presence of an activator MR reduced the interaction of the OsARF CTD with OsIAA proteins. These results suggested that interactions between ARFs and Aux/IAA proteins may differ, depending on whether full-length ARFs or truncated ARFs are used to assess interaction with IAA proteins. This might explain why *Arabidopsis* repressor ARFs have been observed to interact with Aux/IAA proteins in some cases, but not in others ([@bib32]*b*; [@bib28]; Ouellet *et al.*, 2006; [@bib8]). The data suggest that ARF--Aux/IAA interactions are restricted but not random.

The YTH method is widely used in protein--protein interaction studies because of its suitability for large-scale screening. The YTH studies suggested that interactions between OsARF activators and OsIAA proteins are strong, and that interactions between OsARF repressors and OsIAA protein are weak, at best. These results are consistent with current models for auxin-regulated gene expression in *Arabidopsis* ([@bib8]). Those results provide clues about OsARF--OsIAA interactions, though they do not necessarily reflect the interactions in plants. The YTH system is prone to false positives in a heterologous system ([@bib39]; [@bib3]). The interaction of two proteins often occurs in the presence of additional proteins or cellular factors; therefore, the YTH results might not accurately reflect the entire spectrum of ARF--Aux/IAA interactions that occur under natural conditions in plants. Similarly, false negatives might also emerge from YTH assays.

To understand the interactions between OsARFs and OsIAAs in plant, several interactions between OsARF--OsIAA pairs in tobacco were also analysed. Strong LCI was observed in only two homodimers, and in one heterodimer. Testing more OsARF--OsIAA pairs using the LCI assay would provide useful information about their interactions. Natural ARF--Aux/IAA interactions in plants are probably driven by a much lower concentration of ARF and Aux/IAA proteins than those assessed by YTH assays, and are probably regulated by differential expression patterns for the members of the ARF and Aux/IAA families.

In conclusion, confirmation of the NLS indicated that the DBD of OsARFs has nuclear localization function. The ability of OsARF activators and OsIAA to interact was greater than for OsARF repressors and OsIAA in yeast. The application of LCI facilitated research on ARF--Aux/IAA in plants.
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[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1) are available at *JXB* online.

**[Figure S1](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** The position of each domain of 25 OsARF proteins determined with <http://www.ebi.ac.uk/Tools/t-coffee/>. DBD, DNA-binding domain; MR, middle region; CTD, C-terminal dimerization domain.

**[Figure S2](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** Region of the nuclear localization signal (NLS).

**[Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** The sites of the MR domain in putative OsARF proteins.

**[Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** Sites of elements I--V of OsARFs for the nuclear localization signal.

**[Table S3](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** Primer sequences of OsARF elements for the nuclear localization signal.

**[Table S4](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** Primer sequences of 15 OsIAA genes for yeast-two hybrid analysis.

**[Table S5](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** Primer sequences of 15 OsARF genes for yeast two-hybrid analysis.

**[Table S6](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** Primer sequences of the CTD of OsARFs for yeast two-hybrid analysis.

**[Table S7](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** Primer sequences of the MR of OsARFs for yeast two-hybrid analysis.

**[Table S8](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** *α*-Galactosidase activity (mmol ml^−1^ min^−1^) in triplicate.

**[Table S9](http://jxb.oxfordjournals.org/cgi/content/full/erq208/DC1).** Primer sequences of OsARF/OsIAA for firefly luciferase complementation imaging assay.

Supplementary Material
======================

###### Supplementary Data

We thank the Laboratory of JianMing Zhou (National Institute of Biological Sciences, China) for providing the CAMBIA1300-NLuc/CLuc vector. This research is supported by the National Natural Science Foundation of China (grant no. 30770213), the National High Technology Research and Development Program of China (863 Program) (grant no. 2007AA10Z188), the Project sponsored by the Scientific Research Foundation for the Returned Overseas Chinese Scholars, State Education Ministry (grant no. 20080435), and the Natural Science Foundation of Zhejiang province, China (grant no. Y3080111). We gratefully acknowledge the RGRC (Rice Genome Resource Center) in Japan for providing the full-length cDNA clones of OsIAA and OsARF gene families. We would like to thank Professors XueMei Chen and YueZhi Tao for their assistance in editing this manuscript.
